Introduction

28
New challenges are continually arising in agriculture, necessitating profound breakthrough innovations in 29 agricultural practices. The most serious issues faced concern: (1) the loss of biodiversity in agroecosystems, (2) 30 the need to reduce chemical inputs, which are known to be harmful to the environment and human health, and (3) 31 the need to decrease the impact of agriculture on climate change, by decreasing greenhouse gas emissions and 32 promoting carbon storage in the soil. Current arable cropping systems are of questionable sustainability, and 33 alternative cropping systems must therefore be designed, to meet the goals of a more sustainable agriculture. (Tapia et al., 2014) . However, some studies were "innovation-pushed": the authors compared cropping 44 systems on the basis of the combination of agricultural practices used (Kulak et al., 2015) , rather than on the 45 achievement of target performances with the most appropriate practices. For example, they compared organic and 46 conventional systems (Panasiewiez et al., 2010; Nemecek et al., 2011a) , or no-tillage and conventional tillage 47 systems (Abdi et al., 2014; Dimissi et al., 2014) , without providing any further information about the objectives 48 to be reached. In most of these examples, only a few criteria were assessed in field trials: the distribution of 49 phosphorus species in the soil profile (Abdi et al., 2014) , changes in soil structure and yield performances 50 (Abdollahi et al., 2015) , soil biological properties (Ingle et al., 2014) , ecophysiological characteristics of spring 51 barley and genotypes under various systems (Panasiewiez et al., 2010) , and weed infestation under different long-52 term tillage systems (Chikowo et al., 2009 ). However, in some cases, multi-criteria analyses were performed, with 53 various methodologies (Nemecek et al., 2011a (Nemecek et al., , 2011b Loyce et al., 2012; Kulak et al., 2015) . These multi-criteria 54
assessments made it possible to analyze combinations of agricultural practices with opposite impacts on specific 55 criteria, and to consider trade-offs. For example, no-till systems decrease energy consumption, but increase 56 herbicide use (Zentner et al., 2004) .
58
To our knowledge, no study has yet both (i) designed in silico innovative and consistent cropping systems 59 addressing a multiplicity of current issues, and (ii) assessed them in a cropping system experiment involving the 60 analysis of multiple performances. We designed in silico innovative cropping systems addressing multiple issues 61 of importance (Colnenne-David and Doré, 2015a), and conducted system experiments to assess their ability to 62 achieve several goals. Four innovative cropping systems targeting various environmental goals and yield 63 objectives were designed by the prototyping method described by Vereijken (1997) . Their performances were 64 assessed ex ante with various tools and models: the Indigo® method (www7.inra.fr/indigo) for environmental 65 performances, the Simeos® tool (using the AMG model, Andriulo et al., 1999) and the Roth C model for carbon 66 sequestration, as in the study by Colnenne-David and Doré, 2015a. For each combination of objectives, the most 67 promising candidate system was then implemented in a cropping system experiment.
69
We present here the cropping system experiment results for these four innovative cropping systems, for the first 70 full crop sequence. We analyzed the performance of the cropping systems in several different ways: (1) 
80
"productive with high environmental performance" (PHEP) system was designed to minimize environmental 81 impact (decreasing nitrate and pesticide pollution, enhancing crop diversity or reducing fossil energy consumption 82 relative to current cropping systems) and to reach the maximum possible yield given the environmental targets, as 83 described by Colnenne-David and Doré, 2015a. This cropping system, which was designed without major 84 environmental constraints, was used as the reference system for comparisons with the other systems. Each of the 85 other three systems was designed to meet an additional environmental constraint, constituting a major 86 breakthrough in terms of the objectives for current cropping systems: the elimination of pesticide use (No-Pest), reducing fossil energy consumption by 50% relative to the PHEP system (L-EN), or halving greenhouse gas 88 emissions relative to the PHEP system (L-GHG). These cropping systems were also designed to minimize 89 environmental impact whilst providing the maximum possible yield under the constraint imposed and respecting 90 the environmental targets. During the design step, the constraints and targets were prioritized as follows: the 91 environmental constraint had to be satisfied first, the set of other environmental targets then had to be attained, 92 and, finally, yield had to be maximized. The systems retained for field assessment corresponded to the combination 93 of agricultural practices resulting in the highest yields in silico among the candidate systems both satisfying 94 environmental constraints and meeting environmental targets.
96
Main agronomic characteristics of the four innovative cropping systems
97
The four cropping systems were based on the agronomic strategies described in 
103
This site has a deep, homogeneous loamy clay soil (FAO, 1998). Mean annual rainfall, calculated over a 20-year 104 period was about 650 mm per year at this site. The crop immediately preceding this experiment was winter barley 105 and the field had been plowed (30 cm depth). The trial covered a total area of 6.2 ha, divided into large plots 106 (almost 4000 m²) to facilitate the rational use of farm machinery in conditions representative of those on farms.
107
Due to both the limited area available for the trial and the need for large plots, each system was randomly 108 distributed in a block design with only three replicates. The size of the trial was such that we were unable to grow 109 all of the crops of each crop sequence in each innovative system each year. The interannual variability results were 
337
The PHEP system generated significantly less N2O (8.69 ± 0.16, p<0.05) than the L-EN system (9.17 ± 0.06), 338 due to differences in the amounts of N fertilizer applied (see explanation above). 1). In the L-GHG and L-EN systems, herbicide applications were underestimated in the prototype systems, and 445 TFIH was four times higher for the L-GHG, and two times higher for the L-EN in the field assessments than estimated for the prototypes. TFIH was also higher than expected in the PHEP system, but to a lesser extent.
447
During the design process, "TFIothers" was systematically overestimated because it could not take into account 
Discussion 474
Achievement of a multiplicity of objectives
We were able to design and implement the PHEP system, the environmental performances of which were better 
493
In the No-Pest system, the absence of pesticide use had an adverse effect on SOM and yield. Decreases in the 494 frequency of tillage and target yields resulted in much lower levels of C sequestration. Conversely, some 495 environmental performances were significantly improved by the imposition of a severe environmental constraint.
496
In both the L-EN and No-Pest systems, gas balance and energy efficiency were as high as those in the reference 497 PHEP system. Economic comparisons with published findings were difficult, because the prices of both inputs 498 and outputs depend on the country concerned, the period analyzed and the cropping system used (organic farm 499 produce is sold at higher prices than the products of conventional agriculture). We then compared the gross margins 500 of the innovative systems and the current system in Ile-de-France, in one price context: gross margins were slightly 501 lower than those of the regional system for the L-GHG and L-EN systems, and slightly higher for the other new 502 systems. However, this initial assessment did not take into account the contribution of product quality to farm-gate 503 price, which is potentially higher for free-pesticide seeds, and the existence of specific markets for crops such as 504 hemp.
506
It was difficult to meet the energy constraint in the L-EN system and environmental performances were less 507 satisfactory (specifically for herbicide use) than in the PHEP system. It was not possible to satisfy the greenhouse 508 gas constraint in the L-GHG system. For this system, during the design step, a clear hierarchy between the two 509 sub-objectives (i.e. to enhance carbon sequestration first and then to reduce N2O emissions) were defined. In our 510 field conditions, this strategy was not effective. Biomass production was low (see the above comments for yields) 511 and resulted in lower levels of carbon storage than expected. Moreover, the amount of N fertilizer required to 512 produce the expected biomass did not differ between the L-GHG and PHEP systems (i.e. total greenhouse gas 513 emissions did not differ significantly between these two systems, table 6). After the first crop rotation, another 514 design step was required to improve the L-GHG system, and a new combination of agricultural practices is 515 currently being assessed in the field. The environmental results of the PHEP system were also very good, making 516 it difficult to achieve both the energy goal in the L-EN system and the greenhouse gas target in the L-GHG system.
518
Difficulties implementing innovative systems with multiple goals in the field
519
Overall, the predictive capacity of ex ante assessment was good. However, discrepancies between the estimated 520 performance of prototype systems and trial results, with some goals not achieved or the occurrence of unexpected 521 environmental conditions, highlighted the difficulties involved in managing such systems in the field. We 522 investigated the reasons for these differences, by analyzing agronomic practices, which we classified into four 523 groups. Group 1: the chosen agronomic strategies were unsuitable for achieving the goals set. For example, in the 524 L-GHG system, the absence of plowing did not lead to an increase in C sequestration. Group 2: some practices 525 were unable to satisfy multiple goals simultaneously. For example, in the No-Pest system, the restitution of small 526 amounts of organic matter, due to low yields, combined with regular plowing, which was required to manage weed 
599
The target yields of the innovative systems were lower than those of conventional systems in the Ile-de-France 600 region, to make it possible to satisfy environmental targets. Yields in the PHEP system were 5% to 10% lower 601 than those of current systems, depending on the species considered, but gross margins were similar. 
Conclusion 622
We show here that it is possible to design and implement innovative cropping systems with multiple goals 623 combining environment performance and economic results. However, some of these goals appear to be more easily 624 attainable than others. In our conditions, and during the first full crop sequence in the innovative systems, the application of a constraint imposing an absence of pesticide use did not result in poorer environmental and 626 economic results that were obtained with the PHEP system, despite the strong performance of the PHEP system. Table 6 . Carbon balance, C sequestration and greenhouse gas emissions (total, direct and indirect) of the four cropping systems, calculated over a 50-year period (C content of the soil = 13 g.kg -1 dry matter). 
